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We present measurements of the resistivity ρx,x of URu2Si2 high-quality single crystals in pulsed
high magnetic fields up to 81 T at a temperature of 1.4 K and up to 60 T at temperatures down to
100 mK. For a field H applied along the magnetic easy-axis c, a strong sample-dependence of the
low-temperature resistivity in the hidden-order phase is attributed to a high carrier mobility. The
interplay between the magnetic and orbital properties is emphasized by the angle-dependence of the
phase diagram, where magnetic transition fields and crossover fields related to the Fermi surface
properties follow a 1/cos θ-law, θ being the angle between H and c. For H ‖ c, a crossover defined
at a kink of ρx,x, as initially reported in [Shishido et al., Phys. Rev. Lett. 102, 156403 (2009)], is
found to be strongly sample-dependent: its characteristic field µ0H
∗ varies from ≃ 20 T in our best
sample with a residual resistivity ratio RRR = ρx,x(300K)/ρx,x(2K) of 225 to ≃ 25 T in a sample
with a RRR of 90. A second crossover is defined at the maximum of ρx,x at the sample-independent
characteristic field µ0H
LT
ρ,max ≃ 30 T. Fourier analyzes of Shubnikov-de Haas oscillations show that
HLTρ,max coincides with a sudden modification of the Fermi surface, while H
∗ lies in a regime where
the Fermi surface is smoothly modified. For H ‖ a, i) no phase transition is observed at low
temperature and the system remains in the hidden-order phase up to 81 T, ii) quantum oscillations
surviving up to 7 K are related to a new and almost-spherical orbit - for the first time observed here
- at the frequency Fλ ≃ 1400 T and associated with a low effective mass m
∗
λ = (1± 0.5) ·m0, where
m0 is the free electron mass, and iii) no Fermi surface modification occurs up to 81 T.
I. INTRODUCTION
After more than 20 years of investigations, the heavy-
fermion URu2Si2 remains an unsolved issue due to its
”hidden-order” phase developing below T0 = 17.5 K, for
which the order parameter has still not been identified1–6.
This system is characterized by an Ising anisotropy,
with the easy magnetic axis c in the tetragonal struc-
ture, resulting in anisotropic electronic properties (mag-
netic susceptibility2,5,7, resistivity8,9, etc.). Supercon-
ductivity, whose upper critical field is anisotropic too,
sets in below TSC ≃ 1.5 K.3,4,9,10 Hydrostatic pres-
sure drives the system through a first-order phase tran-
sition at pc = 0.5 GPa to an antiferromagnetic ground
state.11–13 A high magnetic field applied along the c-axis
also induces a cascade of first-order transitions at the
fields µ0H1 ≃ 35 T, µ0H2 ≃ 37 T, and µ0H3 ≃ 39 T,
which were probed over the last years using a wide
range of experimental techniques: magnetization,14–16
ultrasonic velocity,17,18 resistivity,14,16,19 heat capacity,20
dilatometry,21 and thermoelectricity22,23. The hidden-
order phase is destabilized at H1 and a polarized para-
magnetic state is obtained above H3. Between H1 and
H3, intermediate magnetic phases are delimited by the
critical field H2. As determined recently for Rh-doped
URu2Si2,
24 antiferromagnetic long-range ordering devel-
ops in the intermediate phases of URu2Si2 between 35
and 39 T. At low temperature, a maximum of the
magnetoresistivity at µ0H
LT
ρ,max ≃ 30 T is associated
with a Fermi surface modification inside the hidden-
order phase.16 At high temperature, a crossover leads
to maxima at Tρ,max ≃ 40 K in the electronic, i.e.,
non-phononic, term of the resistivity and at Tχ,max ≃
55 K in the susceptibility, which are related to intersite
electronic correlations.16 The suppression of these high-
temperature scales at 35 T is connected to the destabi-
lization of the hidden-order phase and to the set-up of a
high-field polarized regime (see also [25]). When the field
rotates from the c- to the a-axis, the complete phase di-
agram is pushed towards higher field scales.26–28
URu2Si2 is a compensated semi-metal at low
temperatures,29,30 for which a sudden reconstruction of
the Fermi surface7,31–34 occurs at the onset at T0 of
the hidden-order phase. Hall effect,7,29 thermoelectric
power,35 and heat capacity35 measurements have further
shown that entering in the hidden-order phase induces
a strong reduction of the charge carrier number, while
an enhanced Nernst effect35 and a strong field-induced
variation of the resistivity16 indicate a highly-increased
carrier mobility in the hidden-order phase. For H ‖ a, a
sudden suppression of the field-dependence of the resis-
tivity for T > T0 is due to a significant loss of the carrier
mobility.16 The Fermi surface of URu2Si2 in its hidden-
order phase is partly-known from quantum oscillation
experiments,9,36–41 which revealed four Fermi surface
sheets associated with the frequencies Fη ≃ 93 T, Fγ ≃
200 T, Fβ ≃ 425 T, and Fα ≃ 1065 T for H ‖ c. The
Sommerfeld coefficient γFS ≃ 37.5 mJ/mol·K2 estimated
2from these Fermi surface measurements39 corresponds to
55 % of the Sommerfeld coefficient γCp ≃ 65 mJ/mol·K2
extracted from specific heat data.4 In the light of band
structure calculations, it is not clear whether an electron
or a hole Fermi surface is missing from the quantum os-
cillations experiments: while Oppeneer et al.42 find that
a large hole Fermi surface is missing, Ikeda et al.43 find
out that a heavy-electron Fermi surface is missing, in ac-
cordance with charge and transport measurements. Re-
cently, a heavy-electron Fermi surface branch has been
reported from cyclotron resonance experiments,44,45 and
was estimated to account for almost 30 % of the Sommer-
feld coefficient determined from the specific heat, sug-
gesting that only 20% of the Fermi surface would remain
unknown. In a high field applied along c, Fermi surface
modifications within the hidden-order phase, i.e., up to
µ0H1 = 35 T, have been reported in Shubnikov-de Haas
(SdH) oscillations spectra,27,40,41,46 while the Fermi sur-
face in the polarized regime above µ0H3 = 39 T has
not yet been determined. We note that slight discrep-
ancies are found between the Fermi surface frequencies
extracted from the different sets of high-field quantum os-
cillations measurements.27,40,41,46 In particular, the new
frequency Fε ≃ 1300 T associated with a light mass
mε = 2.7m0 reported in Hall resistivity above 20 T by
Shishido et al.46 has not been reproduced yet.
We present here a study of the resistivity of high-
quality URu2Si2 single crystals in high magnetic fields up
to 60 T at temperatures down to 100 mK and in fields up
to 81 T at 1.4 K. Experimental details are given in Sec-
tion II. In Section III, measurements with the magnetic
field applied along the magnetic easy axis c are presented.
The strong sample-dependence of the magnetoresistivity
in the hidden-order state is characterized carefully. A
widespread study of the resistivity in various configura-
tions is presented in Section IV: the effect of a magnetic
field rotating in the (a,c) and (a,a) planes is investigated
for both transverse and longitudinal configurations (elec-
trical contacts perpendicular or parallel, respectively, to
the field direction). The angle-dependence of the phase
transitions H1, H2, H3, and crossoversH
∗ and HLTρ,max is
presented. In Section V, Shubnikov-de Haas oscillations
are investigated and permit to probe the high-field Fermi
surface. For H ‖ c, magnetic-field-induced Fermi surface
modifications are observed inside the hidden-order phase.
For H ‖ a quantum oscillations from the branches γ and
α, and from a new light-mass branch λ are observed; they
indicate that the Fermi surface is not modified in mag-
netic fields up to 81 T. By extending our work published
in Ref. [16] to lower temperatures, higher fields, and new
field orientations, this study provides further evidences
of the interplay between magnetism, Fermi surface re-
constructions, and the hidden-order in URu2Si2.
II. EXPERIMENTAL DETAILS
We have measured the resistivity of two high-quality
single crystals of URu2Si2 grown by the Czochralski tech-
nique in a tetra-arc furnace. Details about the crys-
tal growth can be found in Ref. [47]. The high-field
electrical resistivity ρx,x was investigated by the four-
contact method using the lock-in technique, at frequen-
cies from 40 to 70 kHz. The electric current I and
voltage U have been applied and measured, respectively,
along the [100] direction. The residual resistivity ratio
RRR = ρx,x(300K)/ρx,x(2K) defined at zero-field reaches
≃ 90 for sample ♯1 and ≃ 225 for sample ♯2, indicat-
ing their high quality (see Ref. [48] for a study of the
sample-dependence of URu2Si2 single crystals proper-
ties). Pulsed magnetic field experiments were done at the
Laboratoire National des Champs Magne´tiques Intenses
of Toulouse (LNCMI-T), France. Pulsed fields have been
generated either by 6-mm-bore 60-T or 70-T magnets
with a pulse duration of 150 ms, or by 20-mm-bore 60-T
magnets with a pulse duration of 300 ms. A magnetic
field up to 81 T has been generated by a new double
coil,49 made of an outer coil delivering a long pulse of
250 ms up to 30 T and an inner coil delivering a short
pulse of 75 ms from 30 T to 81 T, which allows a unique
duration of the pulse of 10.2 ms above 70 T.49 Standard
4He cryostats, as well as a home-made non-metallic 3He-
4He-dilution fridge specially designed for the pulsed mag-
netic fields have been used to reach temperatures down
to 1.4 K and 100 mK, in magnetic fields up to 81 T and
60 T, respectively. Electrical transport probes with static
or rotating sample support have been used to study the
samples properties in different configurations of the field:
the transverse configurations (H ‖ c; I,U ⊥ H) and
(H ‖ a; I,U ⊥ H) have been probed using a static sup-
port, while configurations with H applied along various
directions in the (a,c) and (a,a) planes have been in-
vestigated using a rotation probe. Complementarily, the
resistivity of sample ♯2 has been studied at T = 32 mK in
a transversal configuration for µ0H up to 13 T rotating
in the (a,c) plane. The Shubnikov-de Haas oscillations
and their frequencies extracted from this ”low-field” ex-
periment - not shown here - are in perfect agreement with
those published in [39].
III. SAMPLE-DEPENDENCE OF THE
HIGH-FIELD RESISTIVITY
Figure 1(a) presents, at T = 100 mK and 1.4 K, the
transverse resistivity ρx,x of two URu2Si2 samples of dif-
ferent qualities [samples ♯1 (RRR = 90) and ♯2 (RRR =
225) measured here and a third sample (RRR = 35) mea-
sured by Levallois et al.30 versus a magnetic field applied
along the c-axis. This plot extends to sub-kelvin temper-
ature the study performed on samples ♯1 and ♯2 above
1.4 K in Ref. [16], where the (H ,T ) phase diagram has
been extracted from resistivity and magnetization data.
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Figure 1: (a) Transverse resistivity ρx,x versus H applied
along c of samples ♯1 and ♯2 at T = 100 mK and T = 1.4 K,
and of a third sample measured by Levallois et al.30 at
T = 1.4 K. Zoom on ρx,x(H) of samples ♯1 and ♯2 for H ‖ c
between 34 T and 40 T at (b) T = 1.4 K and (c) T = 100 mK.
The grey arrows indicate the rise and fall of the pulsed field.
Superconductivity develops below Tsc = 1.5 K and leads
to ρx,x = 0 for µ0H < µ0Hc2 ≃ 2.5 T at T = 100 mK.
Figures 1(b) and 1(c) focus on the resistivity of samples
♯1 and ♯2 at T = 1.4 K and 100 mK, respectively, in
the field range 34 ≤ µ0H ≤ 40 T. At T = 1.4 K, ρx,x
is almost sample-independent for µ0H > µ0H1 = 35 T
and sharp steps are observed at the first-order transition
fields H1, H2 and H3. However, at T = 100 mK ρx,x be-
comes sample-dependent also in the field range H > H1.
While ρx,x of sample ♯1 is almost the same at 100 mK
as at 1.4 K, ρx,x of sample ♯2 is strongly modified at
100 mK, the transition fields H1, H2 and H3 being more
difficult to define, in particular for increasing field, than
at 1.4 K. Knowing that sample ♯2 has the highest RRR,
and thus the highest electronic mean free path, this re-
sult indicates an interplay between the cyclotron motion
of the electrons and their scattering on the magnetic ions.
In a compensated electron-hole two-band picture, the
field-induced variation of the resistivity can be approxi-
mated at low fields by:
∆ρ(H)/ρ(H = 0) = µeµh(µ0H)
2, (1)
where µe and µh are the electron and hole mobilities,
respectively.51–53 As shown in Figure 2(a), the resistivi-
ties ρx,x of samples ♯1 and ♯2 show, in agreement with
previous studies29,30, a field-dependence close to ∝ H2
at T = 100 mK for µ0Hc,2 ≃ 2.5 T < µ0H < 10 T. Clear
deviations from a H2 behavior are observed at higher
fields, being presumably related to the complex multi-
band structure of the Fermi surface42,43. In the follow-
ing we consider the zero-field value ρnx,x(H = 0) and the
field-dependent term ∆ρx,x = ρx,x − ρnx,x(H = 0) of the
resistivity in the normal non-superconducting state: be-
low Tsc = 1.5 K, ρ
n
x,x(H = 0) of a virtual normal state
was estimated by extrapolating to the low temperatures a
T 1.5 law preliminarily fitted to ρx,x(T ) above Tsc = 1.5 K
(see also Ref. [48]). From fits of ∆ρx,x/ρ
n
x,x(H = 0) ver-
sus H2 to Equation 1, we extract the mobility averaged
over the different bands µ = 〈√µeµh〉, which reaches
4.5× 103 and 1.9× 104 cm2/Vs at T = 100 mK for sam-
ples ♯1 and ♯2, respectively. A plot of µ versus T up
to 6 K is shown in Figure 2(b) for samples ♯1 and ♯2
and illustrates that the carrier mobility is enhanced as
the temperature is decreased and the sample quality is
increased (sample ♯2 has a much higher quality, as indi-
cated by its RRR, than sample ♯1). As shown in Figure
1(a), a maximum of ρx,x is obtained at µ0H
LT
ρ,max ≃ 30 T,
i.e., inside the hidden-order phase, for all the samples.
At T = 1.4 K, ρx,x of sample ♯2 reaches ≃ 500 µΩ.cm
at HLTρ,max, which is twice the value of ρx,x(H
LT
ρ,max) of
sample ♯1 (≃ 300 µΩ.cm) and five times that of the third
sample studied by Levallois et al. (≃ 100 µΩ.cm).30 At
T = 100 mK, ρx,x(H
LT
ρ,max) of sample ♯1 increases slightly
compared to its value at 1.4 K, while ρx,x(H
LT
ρ,max) of
sample ♯2 increases significantly, reaching ≃ 650 µΩ.cm.
The maximum at HLTρ,max indicates a crossover within
the hidden-order phase between a low-field Fermi surface
with a high carrier mobility to a high-field Fermi sur-
face with a low carrier-mobility. The higher the RRR,
the higher is ρx,x(H
LT
ρ,max), confirming that the trans-
verse resistivity in the hidden-order phase and its broad
maximum at 30 T are dominated by an orbital contribu-
tion, i.e., the field-induced cyclotron motion of the charge
carriers.16
Figure 2(c) presents in a log-log scale a Kohler plot,
i.e., a plot of ∆ρx,x/ρ
n
x,x(H = 0) versus [µ0H/ρ
n
x,x(H =
0)]2, for sample ♯2 at temperatures from 100 mK to 4.2 K.
The raw magnetoresistivity ρx,x versus field data used
for the Kohler plot are shown in the Inset of Figure
2(c). In the Kohler plot, all data sets fall on a single
curve, whose field-dependence is close to ∝ H2, at fields
smaller than 20 T, indicating that a single relaxation
time τ can describe the different bands responsible for
the high magnetoresistivity52,53. Above 20 T, deviations
4due to Fermi surface reconstructions are observed. Fig-
ure 2(d) shows that a plot of the mobility µ, extracted
here at different temperatures for samples ♯1 and ♯2, ver-
sus 1/ρnx,x(H = 0) coincides with a linear function inde-
pendent of the sample quality. This indicates that the
sample- and temperature-dependences of the relaxation
time τ drive those of both µ and ρnx,x(H = 0), with a
relationship µ = a/ρnx,x(H = 0) = bτ , where a and b
are constants independent of the temperature and of the
sample quality. Despite the complex multi-band struc-
ture of the Fermi surface of URu2Si2,
39,42–45 its trans-
verse magnetoresistivity in high fields H ‖ c can thus be
rather-well described, in a first approximation, by a sim-
ple compensated electron-hole two-band picture where
the average mobility and the zero-field resistivity are sim-
ply controlled by a unique relaxation time τ .
Fig. 1(a) also shows that the resistivity ρx,x(H) of
sample ♯1 exhibits an inflexion point followed by a sudden
increase of slope at µ0H
∗ = 24.7± 0.5 T at T = 100 mK
and µ0H
∗ = 24.6 ± 0.8 T at T = 1.4 K, i.e., well be-
low HLTρ,max. For sample ♯2 at T = 1.4 K, such wave-
like anomaly is not observed in ρx,x(H) at fields smaller
than HLTρ,max and H
∗ cannot be defined. In Section IV,
µ0H
∗ ≃ 20 T is extrapolated for sample ♯2 in H ‖ c
from transverse resistivity measurements in a field ro-
tating from c to a. Another kink developing at around
27 T in the resistivity of sample ♯2 at T = 100 mK may
be related to a low-frequency quantum oscillation. For
H ‖ c, an anomaly in the resistivity or Hall effect sim-
ilar to that observed in the resistivity of sample ♯1 at
µ0H
∗ ≈ 25 T was observed at subkelvin temperatures by
Shishido et al.46, Altarawneh et al.40, and Aoki et al.41
at µ0H
∗ ≃ 22.5, 24, and 24 T, respectively, but not by
Levallois et al.30 at T = 1.4 K. In Refs. [40,41,46] the
anomaly atH∗ has been further related to a field-induced
Fermi surface modification, as revealed by changes of the
Shubnikov-de Haas frequencies. In Section V, we discuss
the relationship between H∗ and HLTρ,max to field-induced
Fermi surface modifications.
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Figure 2: (a) Plot of the transverse resistivity ρx,x versus H
2, for µ0H < 20 T, for samples ♯1 and ♯2 at T = 100 mK. (b)
Plot of the mobility µ versus T for samples ♯1 and ♯2 at 100 mK ≤ T ≤ 1.4 K. (c) Kohler plot of ∆ρx,x/ρ
n
x,x(H = 0) versus
[µ0H/ρ
n
x,x(H = 0)]
2 in a log-log scale for sample ♯2 at temperatures from 100 mK to 4.2 K. (d) Plot of the mobility µ versus
1/ρnx,x(H = 0) for samples ♯1 and ♯2 at 100 mK ≤ T ≤ 1.4 K. The dashed lines are guides to the eyes.
IV. ANGULAR DEPENDENCE OF THE
HIGH-FIELD RESISTIVITY
URu2Si2 exhibits highly anisotropic bulk properties
related to its crystal structure. For instance, the in-
plane resistivity ρx,x(T ) is twice bigger than the out-
5of-plane resistivity ρz,z(T ),
8 the superconducting critical
field µ0Hc,2 reaches ≃ 2− 3 T for H ‖ c and ≃ 10− 13 T
for H ‖ a,9,10,54 and the hidden-order phase is destabi-
lized at 35 T for H ‖ c, while no field-induced transi-
tion is observed up to 81 T for H ‖ a (see Section V).
Sugiyama et al.26 and Jo et al.27 have shown, by mea-
suring the magnetization and the resistivity, respectively,
that H1, H2, and H3 all follow a 1/cosθ law, where θ is
the angle between c and a. Shishido et al.46 and Aoki
et al.41 observed that the crossover field H∗ in the resis-
tivity is governed by a 1/cosθ law as well. In Ref. [28],
we have shown that the field HLTρ,max at the maximum of
ρx,x(H) also follows a 1/cosθ law. We extend here the
study of the angle-dependence of the high-field resistiv-
ity of URu2Si2 by a systematic investigation of ρx,x(H)
for µ0H up to 60 T applied in the three main planes i)
(c,a) with a ‖ I,U, ii) (c,a) with a ⊥ I,U, and iii) (a,a).
Our two samples ♯1 and ♯2 have been characterized in
rotating fields.
Figure 3(a) shows the resistivity of sample ♯2 at T ≃
1.5 K for different angles θ1 between the magnetic field
H and the c-axis. The magnetic field is turning from
the transverse (H ‖ c; H ⊥ I,U; θ1 = 0◦) to the longi-
tudinal (H ‖ a; H ‖ I,U; θ1 = 90◦) configurations, as
illustrated by insets to the graphs. When θ1 increases,
the general form of the resistivity remains unchanged,
but the anomalies are shifted to higher field values. The
maximal value of ρx,x at H
LT
ρ,max is also slightly increas-
ing with θ1. Figure 3(b) shows the resistivity of sample
♯2 for different angles θ2 between H and c, where H lies
in the (a,c) plane perpendicular to the electric current,
and rotates from the (H ‖ c; H ⊥ I,U; θ2 = 0◦) to
the (H ‖ a; H ⊥ I,U; θ2 = 90◦) transverse configura-
tions. Again, the fields H1, H2, H3, and H
LT
ρ,max shift
to higher field values with increasing angle θ2. Remark-
ably, the heights of the plateaus between H1 and H3 are
independent of the orientation of the magnetic field rel-
atively to the c-axis or to the current [cf. Fig. 3(a,b)]
and of the sample quality (see Fig. 1). In Figure 1(a)
(see Sec. III), a kink was observed at µ0H
∗ = 25 T in
the resistivity of sample ♯1, but not in the resistivity of
sample ♯2, for H ‖ c. In the transverse-to-transverse ro-
tation configuration [see Figs. 3(b) and 4], the anomaly
at H∗ is unveiled in sample ♯2 for θ2 ≥ 35◦, showing a
θ2-dependence similar than that of the anomaly at H
∗ in
sample ♯1. For θ2 = 90
◦, i.e., for H ‖ a, the transverse
resistivity increases continuously up to the highest ap-
plied field and no field-induced transition or crossover is
observed. Quantum oscillations, whose analysis is given
in Section V, are discernable in the high-field magnetore-
sistivity.
Figure 5 shows the angle-dependence of the transition
fields H1, H2, and H3, and the crossover fields H
LT
ρ,max
and H∗. Slight misalignments of the samples in the
magnetic field are responsible for small differences be-
tween the plots in the (a) and (b) panels, which corre-
spond to the transverse-to-longitudinal [Figure 3(a)] and
transverse-to-transverse [Figure 3(b)] configurations, re-
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Figure 3: (a) Resistivity ρx,x versus H of sample ♯2 at T =
1.5 K for different angles θ1 between H and c. The field
is turning from the transverse (θ1 = 0) to the longitudinal
(θ1 = 90
◦) configurations. (b) Resistivity ρx,x versus H of
sample ♯2 at T = 1.6 K for different angles θ2 between H
and c. The magnetic field is turning in the transverse plane.
(c) Resistivity ρx,x versus H of sample ♯2 at T = 1.5 K for
different angles φ betweenH and a. The field is turning in the
(a,a) plane from the transverse (φ = 0) to the longitudinal
(φ = 90◦) configurations.
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Figure 4: Focus on the anomaly at H∗ in the resistivity
of samples ♯1 and ♯2 for different orientations of H in the
transverse (a,c) plane.
spectively. The transition fields H1, H2 and H3 are re-
lated to the f -electron magnetic properties and all follow
a 1/cos θ-law. Their angle-dependence is a direct con-
sequence of the strong Ising-character of the magnetic
anisotropy. For both samples ♯1 and ♯2, the crossover
fields HLTρ,max and H
∗ related to Fermi surface modifica-
tions (cf. Section V) show the same 1/cos θ dependence
as that of the magnetic transition fields. These Fermi
surface modifications are thus controlled by the projec-
tion of the field along the easy magnetic axis c, which
illustrates the interplay between the component of the
magnetization along c and the Fermi surface in URu2Si2.
A fit by a 1/cosθ law allows extracting µ0H
∗ ≃ 20 T for
sample ♯2 in the limit of θ2 ≃ 0◦, i.e., for H ‖ c. µ0H∗ in
sample ♯2 is much smaller than the values of 25 T found
for sample ♯1 and those between 22.5 and 24 T reported
in the literature.40,41,46 For H ‖ c, the anomaly at H∗
in the resistivity of sample ♯2 might be hidden by an ad-
ditional orbital contribution whose intensity decreases at
high θ2 angles.
Figure 3(c) shows the resistivity of URu2Si2 for differ-
ent directions of the magnetic field inside the (a,a) plane,
φ being the angle between the magnetic field H and the
a-axis. The transverse (φ = 0◦) to longitudinal (φ = 90◦)
configurations are explored. The curves show Shubnikov-
de Haas quantum oscillations, which are analyzed in Sec-
tion V. The resistivity decreases with increasing angle φ
and the field-dependent term vanishes almost totally at
90◦. In Ref. [16], we have shown that the strong field-
induced transverse resistivity ρxx(H), which develops be-
low T0 for H ‖ a, is characteristic of the hidden-order
phase. The fact that this contribution vanishes in the
longitudinal configuration for H ‖ a ‖ I,U, confirms the
orbital origin of ρx,x for H ‖ a ⊥ I,U.
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V. HIGH-FIELD FERMI SURFACE
A. Quantum oscillations for H ‖ c
Figure 6(a) shows the resistivity ρx,x of sample ♯2 at
T = 100 mK in a pulsed magnetic fieldH ‖ c, and Figure
6(b) shows the oscillating signal extracted by subtract-
ing a spline background from the raw resistivity. To get a
better sensibility, Fourier transforms were made on data
extracted using a digital lock-in with a small time con-
stant τ = 30 µs. For clarity, oscillating data extracted
using a higher time constant τ = 100 µs are shown in
Figure 6(b) too. Shubnikov-de Haas oscillations are ob-
served here from 15 T to µ0H1 = 35 T. The correspond-
ing Fourier spectra are shown in Figure 6(c) for a large set
of small field windows.55 Figure 6(d) presents the field-
dependence of the Shubnikov-de Haas frequencies. In
all explored field windows between 15 to 30 T, the fre-
quencies Fβ and Fα, which at low field equal ≃ 400 T
and ≃ 1000 T, respectively, are observed. A progres-
sive frequency change, signature of a continuous Fermi
7surface modification, occurs within a large field window
going from 15 to 30 T, where Fβ increases while Fα de-
creases as H increases. The sample-dependent crossover
field µ0H
∗ ≃ 20 − 25 T lies in this field window and
could possibly be a signature of the associated Fermi sur-
face change. A sudden spectrum modification occurs at
µ0H
LT
ρ,max = 30 T, at which the frequency Fα reaches
≃ 850 T, and above which the Fermi surface is recon-
structed: for HLTρ < H < H1 = 35 T, Fα remains almost
field-independent, we loose the trace of Fβ , and a new fre-
quency Fδ ≃ 1300 T appears. For comparison, the fre-
quencies extracted from studies in steady magnetic fields
[27,40,41,46] are also plotted in Fig. 6(d). An excellent
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Figure 6: (a) Resistivity ρx,x of sample ♯2 at T = 100 mK in
H ‖ c. (b) Oscillating signal extracted using a spline back-
ground, with the time constants τ = 30 and 100 µs (digi-
tal lock-in). (c) Fourier transform spectra for a large set of
small field windows. (d) Field-dependence of the Shubnikov-
de Haas frequencies extracted here (pulsed fields) and com-
piled from Refs. [27,40,41,46] (steady fields). The horizontal
bars indicate the field windows of the Fourier transform and
the dotted lines are guides to the eyes.
agreement is found between our data and that from Aoki
et al.41, where a similar analysis as here, i.e., with a high
number of small field windows, was carried out. Due to
the electronic noise of our pulsed field experiment, we
were not able to observe here the low frequencies η, γ,
and ω found by Aoki et al.41. Surprisingly, we were able
to follow the β frequency from 22 to 25 T, even though
Aoki et al. [41] did not observed it. Our data are also in
good agreement with that from Altarawneh et al.,40 Jo et
al.,27 and Shishido et al,46 where Fourier transforms were
done on larger field windows. However, a high frequency
of ≃ 1500 T was extracted at ≃ 20 T by Altarawneh
et al,40 but not here nor by Aoki et al.41 As well, we
found no trace of the frequency Fε ≃ 1300 T reported
by Shishido et al.46 above µ0H = 20 T . In the window
25-30 T, Altarawneh et al.40 and Jo et al27 extracted a
low frequency of ≃ 250 T, which was not observed here
nor by Aoki et al.41 As well, in the window 30-35 T Al-
tarawneh et al.40 and Jo et al.27 found a high frequency
of ≃ 1500 − 2000 T, which was not observed here nor
by Aoki et al.41 The differences between these studies
come from the difficulty to extract fine Fourier transform
spectra in field windows smaller than a few Shubnikov-
de Haas periods. Another difficulty is that the observed
frequencies result from the sum or subtraction of har-
monic frequencies to the fundamental frequencies, which
prevents from extracting real fundamental frequencies.
Despite these difficulties, all experimental studies agree
on the fact that a magnetic field applied along c induces
successive modifications of the Fermi surface in magnetic
fields far below µ0H1 = 35 T, i.e., in the hidden-order
phase.
B. Quantum oscillations for H ⊥ c
Figure 7(a) shows the transverse resistivity ρx,x of sam-
ple ♯2 as function of H applied along the a-axis, at tem-
peratures from 500 mK to 4.2 K. At T = 500 mK, the
sample is superconducting up to µ0Hc,2 ≃ 9 T [defined
at a kink in ρx,x(H)], above which ρx,x increases signifi-
cantly with H , from ≃ 50 µΩcm at 10 T to 1150 µΩcm
at 55 T. No field-induced transition is observed in our
resistivity data at T = 1.5 K and the system remains in
the hidden-order phase up to 81 T. This agrees well with
the report by Yanagisawa et al..18 of a lack of anomaly in
the elastic constant in µ0H ‖ a up to 69 T, at T = 1.5 K.
At T = 500 mK and above Hc,2, the non-oscillating part
of ρx,x is almost linear and clearly deviates from the H
2-
law expected in a one-band Fermi liquid picture. Slow
and fast Shubnikov-de Haas oscillations are visible in the
raw data up to the highest investigated fields. No change
of the SdH frequencies as function of the magnetic field
is observed within our experimental resolution, which in-
dicates that the Fermi surface remains unchanged in a
high magnetic field up to 81 T applied along a. The slow
oscillations shown in Figure 7(b) were extracted using
linear backgrounds. Figure 8(a) shows the correspond-
8ing Fourier spectra, which exhibit peaks at Fγ = 70 T,
at its harmonics F2γ = 140 T and F3γ = 210 T, and
at Fα = 1185 T, in good agreement with previous low-
field reports.38,39 The fast oscillating signal shown in Fig-
ure 7(c) was extracted using a spline background. The
corresponding spectra are shown in Figure 8(b): in ad-
dition to the main peak at Fα = 1185 T, a shoulder
is attributed to a peak at Fλ ≃ 1350 T. While the in-
tensity of α vanishes rapidly with T due to the high
effective mass m∗α = 9.7 · m0 [41], the intensity of λ
decreases much slower with T . Figure 8(c) shows, for
1.4 ≤ T ≤ 10 K, the spectra of sample ♯2 extracted using
spline backgrounds. For T ≥ 1.4 K, a higher excitation
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Figure 7: For sample ♯2 in H ‖ a: (a) Transverse resistivity
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tivity ρoscx,x extracted using a linear background versus 1/H .
(c) Fast oscillating resistivity extracted using a spline back-
ground.
current allowed to reach a better sensitivity than at sub-
kelvin temperatures (where high excitation currents are
prohibited). The spectra show that α has almost totally
vanished above 1.5 K and that λ survives up to more than
7 K, being split into two frequencies Fλ1 ≃ 1325 T and
Fλ2 ≃ 1400 T. The effective mass m∗λ1 = (1.0± 0.5) ·m0
deduced from the temperature dependence of the λ1 am-
plitude is a factor 10 smaller than the effective mass of
α.41 Figure 8(d) presents the angle-dependence of the
Shubnikov-de Haas frequencies of the γ and λ-branches
extracted from resistivity measurements in a field applied
in the (a,c) and (a,a) planes (cf. Fig. 3). A slight in-
crease by ∼ 50 T of Fλ is observed as the field-direction
moves from [100] (φ = 0◦) to [110] (φ = 45◦). When the
field rotates from [100] (θ2 = 90
◦) to [001] (θ2 = 0
◦), Fλ
decreases more significantly, from ∼ 1400 T at θ2 = 90◦
to ∼ 1100 T at θ2 = 60◦, and its trace is lost at angles
θ2 < 60
◦. The angle-dependence of the λ-frequencies,
which are observed here in the (a,a) plane, and out of
the (a,a) plane [at angles (90 − θ2) up to 30◦], is com-
patible with a large and almost spherical Fermi surface
similar to the α-branch. In agreement with previous re-
ports (see [41]), no variation of Fγ is observed for the
investigated field-directions.
VI. DISCUSSION
High-quality URu2Si2 samples exhibit a remarkably
strong magnetoresistivity inside the hidden-order phase,
which is dominated by the orbital effect, as shown by the
sample- and angle-dependences of the resistivity. The re-
sistivity of our highest-quality sample increases by three
orders of magnitude as a magnetic field applied along the
a-axis increases from the low-field range (in the normal
state) to 81 T. The high quality of our samples and the
high carrier mobility29 are responsible for this exception-
ally large orbital effect. The angle-dependent study of the
resistivity shows that the magnetic transitions and the
electronic anomalies related to the Fermi surface changes
exhibit the same angle-dependence in 1/cos θ, where θ is
the angle between H and c, indicating the strong corre-
lation between the Fermi surface and the magnetic polar-
ization induced along the c axis in URu2Si2. A magnetic
field applied along the easy magnetic axis c destabilizes
the hidden-order phase at µ0H1 = 35 T, but no anomaly
is induced when the magnetic field is applied along the
hard axis a, at least up to 81 T. At zero-magnetic-field,
the hidden-order phase is thus stabilized by the strong
Ising-character of the magnetic properties. At 1.4 K,
for H > H1 applied along the c-axis, the resistivity is
neither sample-dependent, nor angle-dependent, and has
no observable orbital contribution. However, a pecu-
liar sample-dependence of the resistivity in the regime
H1 < H < H3 develops at T = 100 mK, indicating an
interplay between the orbital motion of the electrons and
the magnetic properties. As observed in the magnetiza-
tion M(H) (cf. [14–16]) successive partial polarizations
9of the 5f -electron moments occur at H1, H2, and H3.
Observations by Nernst, Hall, and Shubnikov-de Haas ef-
fects (cf. [30,40]) indicate that these polarizations induce
Fermi surface reconstructions, due to reconstructions of
the magnetic Brillouin zone, at H1, H2, and H3. We
have shown that a magnetic field applied along the c-
axis induces anomalies in the orbital contribution to the
resistivity at µ0H
∗ ≃ 20 − 25 T and µ0HLTρ,max ≃ 30 T,
i.e., at fields well below the destruction of the hidden-
order phase at µ0H1 = 35 T. In the literature, similar
anomalies were observed at µ0H
∗ ≃ 23 − 25 T not only
in the resistivity of other samples40,41,46 but also in Hall
resistivity22,46 and thermopower22,23 data. A change of
slope of ρx,x(H) at ≃ 8 T is related to a splitting of the
β-branch in Refs. [39,41]. In the thermoelectric power,
local maxima at ≃ 24 T and ≃ 30 T were attributed to
the signatures of Lifshitz-transitions.22,23 The evolution
of the Shubnikov-de Haas spectra clearly indicates field-
induced Fermi surface reconstructions inside the hidden-
order phase, presumably due to successive polarizations
of the different Fermi surface pockets. In particular, a
Fermi surface reconstruction occurs at µ0H
LT
ρ,max = 30 T,
at which the resistivity is maximum. We note that the
low-temperature magnetization shows no anomaly in the
field range 0-35 T (cf. Refs. [15,16]). The observed
anomalies in the transport properties are thus due to
Fermi surface instabilities. The hidden-order parame-
ter and field-induced polarization of the 5f -electron mag-
netic moments are in strong competition, which results
in the transition at µ0H1 = 35 T for H ‖ c. In Ref.
[16], we have shown that the onset of intersite electronic
interactions, presumably antiferromagnetic fluctuations,
is a precursor of the hidden-order phase. Modeling the
interplay between the evolutions of the Fermi surface
and the hidden-order and their relation with the mag-
netic anisotropy is expected to be a key for describing
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Figure 8: For sample ♯2 in H ‖ a: (a) Fourier spectra of the oscillations extracted using linear backgrounds at 500 mK ≤
T ≤ 1.2 K. (b) Spectra of the fast SdH oscillations extracted using spline backgrounds at 500 mK ≤ T ≤ 1.2 K. (c) Spectra of
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enhanced in the panel (c).
10
A new Fermi surface sheet of frequency Fλ ≃ 1400 T
and effective mass m∗λ ≃ (1 ± 0.5) · m0 for H ‖ a has
been observed here by high-field magnetoresistivity ex-
periments. Using the formula, approximated for a spher-
ical Fermi surface, of the Sommerfeld coefficient γ =∑
i
γi ≈
∑
i
k2BV m
∗
i kFi/(3~
2), where V = 49 cm3/mol is
the molar volume, kFi =
√
2eFi/~ the wavevector, Fi the
SdH frequency, and γi the contribution to the Sommer-
feld coefficient from the Fermi sheet i,39 we estimate the
contribution of the new band λ by γλ ≃ 0.5 mJ/molK2,
which represents less than 1 % of the Sommerfeld coef-
ficient γCp ≃ 65 mJ/mol·K2 extracted from the specific
heat.4 Recent cyclotron resonance experiments44,45 per-
mitted to report new Fermi surface branches, which had
not yet been observed by quantum oscillation techniques.
One of these new branches κ was found to be particularly
heavy, weighting as 30% of γCp. The new branch λ ob-
served here could possibly correspond to one of the four
other new and light branches (noted F, G, H, and I) ob-
served by cyclotron resonance in Refs. [44,45]. We note
that band calculation models, as those developed in Refs.
[42,43], might be refined to present the new light band λ
observed here.
VII. CONCLUSION
We have performed a systematic investigation of the
high-field resistivity of URu2Si2 high quality single crys-
tals in pulsed magnetic fields up to 81 T. As shown by a
Kohler plot and by a simple relationship µ ∝ 1/ρnx,x(H =
0) between the carrier mobility for H ‖ c and the zero-
field resistivity (in the normal state), the non-oscillating
low-field magnetoresistivity can be described using a
unique relaxation time τ for all contributing bands. For
H ‖ c, crossovers associated with a kink in ρx,x(H) at
µ0H
∗ = 20 − 25 T and with a maximum of ρx,x(H) at
µ0H
LT
ρ,max = 30 T are related to Fermi surface modifi-
cations within the hidden-order phase. While HLTρ,max
is almost sample-independent, we find out that H∗ is
strongly sample-dependent and can be hidden in high-
quality crystals where a huge orbital effect contributes
to ρx,x. We have established that the low-temperature
phase transitions H1, H2, H3 and crossovers H
∗ and
HLTρ,max are controlled by a 1/cos θ-law, where θ is the
angle betweenH and the c-axis. For µ0H ‖ a up to 81 T,
the system remains in its hidden-order state and no Fermi
surface change is observed. In this field-configuration,
quantum oscillations from a new and almost-spherical
branch λ of frequency Fλ ≃ 1400 T and effective mass
m∗λ ≃ (1±0.5) ·m0 are observed up to 7 K. As well as the
α branch, the λ branch is found to be splitted. The work
presented here, as an extension to lower temperatures,
higher fields, and new field configurations of our work
published in Ref. [16] strongly supports that the inter-
play between the Fermi surface, the magnetic properties,
and the hidden-order plays a significant role in URu2Si2.
This should be considered for the development of realistic
models describing the hidden-order state in URu2Si2.
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